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FIBER WITH MULTIPLE OVERLAPPING 
GRATINGS 

The invention of application Ser. No. 07/963,687 was 
conceived under DARPA Contract MDA 972-90-C-0026. 
The Government of the United States of America has a paid 
up, royalty free license to practice that invention and have 
the invention practiced for US. Government purposes. 

This is divisional application of application Ser. No. 
08/056,444 ?led on May 3, 1993 (now US. Pat. No. 
5,397,891) which is a continuation-in-part of application 
Ser. No. 07/963,687 ?led on Oct. 20, 1992, now US. Pat. 
No. 5,380,995. 

BACKGROUND OF THE INVENTION 

There is a need for highly accurate and responsive envi 
ronmental sensor systems that are low in weight, non 
obtrusive, economical to manufacture and able to withstand 
harsh environments. Typical applications in need of such 
sensor systems are smart skins for aircraft and smart sup 
porting structures for space stations. Such structures must be 
able to provide continuous indications of their physical state 
in real time, be extremely hardy and long lasting, be able to 
detect small changes over a large area of structure and have 
a large dynamic range, without interfering with other func 
tions within the structure. 

Optical pass band ?lters such as intra-core ?ber gratings, 
Fabry-Perot etalon based ?lters, and acousto-optic ?lters 
have been proposed for ?ber optic sensors. Fiber Fabry 
Perot etalon based ?lters are available from Micron Optics 
and tunable acousto-optic ?lters are available ?'om New 
Focus, Inc. under license from Bell Communication 
Research. 
The ?ber Fabry-Perot etalon based ?lters consist of two 

mirrored surfaces that can be controllably separated by 
piezoelectric drivers. Light is transmitted most fully when 
there is an integral number of wavelengths between the two 
mirrors and most strongly re?ected when there is an integral 
number of waves plus half a wave of separation. Fiber 
gratings are constructed by doping an optical ?ber with 
material such as gennania. The side of the ?ber is then 
exposed to an interference pattern of radiation to produce 
multiple variations in the'refractive index within the ?ber 
that are very closely and accurately spaced. By adjusting the 
fringe spacing of the interference pattern, the periodic index 
of refraction produced can be varied as desired. 

The re?ecting center wavelength of the spectral envelope 
of a ?ber grating changes linearly with temperature and 
strain. For a temperature change AT and a strain e, the 
fractional Bragg wavelength shift is given by: 

where (X is the thermal expansion coe?icient of the ?ber, g 
represents the thermal optic coe?icient or ‘War of the doped 
silica core material and pc is the photo elastic constant. For 
temperature, the index change is the predominant effect, 
being about ?fteen times greater than the expansion coe?i 
cient. As reported by W. W. Morey, Distributed Fiber 
Grating Sensors, Proceedings Of The Seventh Optical Fiber 
Sensors Conference, p. 285-288, Sydney, Australia, 
December, 1990, temperature responses of ?ber gratings 
vary with ?ber type, but they have found to have been linear 
up to 500° C. Typical temperature responses are 0.0043 
nm./°C. at 833 nm. for Andrew PM ?ber and 0.0074 nm./°C. 
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2 
for Corning FlexCore Fiber at 824 nm. When the ?ber 
grating is strained, the Bragg wavelength changes to pho 
toelastically induce a change in the refractive index. For 
silica, the photoelastic constant is 0.22. Bragg wavelength 
changes under tension have been measured to 45 kpsi stress, 
giving a 2.3 nm. shift for a slope of 5.2><10“4 nm. per 
microstrain at 820 nm. The ?ber gratings can be used both 
as multiplexed distributed grating sensors, and time and 
frequency division multiplexed sensors, as described in W. 
W. Morey. However, there has been a need to integrate such 
?ber gratings or other optical band pass ?lters into practical 
and economical sensor systems that can be manufactured 
using available components. 

BRIEF DESCRIPTION OF THE PRESENT 
INVENTION 

In the present invention, sensor systems are constructed 
using one or more ?ber gratings as remote sensors of 
environmental e?’ects, primarily strain or temperature, so 
that the sense, magnitude and position of an environmentally 
induced change may be measured. Such systems may be 
used to support health monitoring and structural assessment 
systems for aircraft, spacecraft, naval vessels, buildings. 
bridges and other structures. They can be used to augment 
process control for chemical and pharmaceutical plants. 
They can also be used to support other ?ber optic sensor 
systems such as those needing a very accurate spectrometer 
for light source stabilization. 

Each of the sensor systems disclosed herein uses light 
from a relatively broadband light source, a remote ?ber 
grating as the sensor, a local optical band pass ?lter and a 
light intensity detector. The spectral envelope of the remote 
?ber grating is shifted by variations in the environmental 
effect while the spectral envelope of the local optical band 
pass ?lter is controlled. The grating and the ?lter are 
optically connected so that their instantaneous spectral enve 
lopes are compared so variations in the output of the 
comparison indicate the environmental eifect. The light from 
the light source can be applied to either the grating or the 
?lter to establish a ?rst spectral envelope for comparison. 
The comparison is accomplished by conducting the ?rst 
spectral envelope to the other optical device. Although the 
light can be conducted to the local grating ?rst, for this 
discussion, the light is conducted ?rst to the remote grating 
where its instantaneous characteristic spectral signature is 
used to re?ect either a small bandwidth of light or to transmit 
all but the small bandwidth of light The light thereafter has 
a spectral envelope characteristic of the environmental con 
dition of the remote grating. When the remote grating is 
stretched or compressed, or heated or cooled, the center 
frequency of the spectral envelope shifts in wavelength. In 
the simplest embodiment, the spectral envelope is then 
compared to the spectral envelope of one or more local 
optical ?lters, chosen or controlled so that there is always 
some overlap with the spectral envelope of the remote 
grating. The output of this comparison varies with the 
change in the environmental effect. 

In some embodiments, the local optical ?lter is 
modulated, at frequencies much higher than the frequencies 
of the environmental effect of interest to reduce system noise 
in the same frequency region as the environmental effects. 
The local optical ?lter also can have a signal representative 
of the environmental effect fed back ?rereto or to the light 
source to close the sensor loop. In this latter case, the signal 
needed to null the modulation is representative of the 
environmental effect. By driving the two mirrors of a ?ber 
Fabry-Perot etalon based ?lter piezoelectrically, the trans 
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Inission function can be modulated in analogy to piezoelec 
tn'cally stretching a ?ber grating. By sinusoidally modulat 
ing the ?ber etalon, the signal from the remote ?ber grating 
is modulated, producing odd and even harmonics that can be 
minimized or maximized to operate the system closed loop 
by readjusting the separation between the ?ber mirrors. A 
similar effect is possible by substituting a acousto-optic 
?lter. Such ?lters cause polarization conversion of selected 
Wavelengths by means of an acousto-optic wave directed 
along the length of an integrated optic waveguide. 
The present systems can simultaneously and continuously 

monitor each of many individual sensors in a ?ber optic 
grating sensor serial string, while providing the ability to 
very accurately measure both the sense and magnitude of the 
environmental e?‘ect on each sensor. Although in the basic 
systems, open loop sensing is employed, closed loop meth 
ods can be used to desensitize the system to variations in 
loss, such as commonly are due to connectors and other 
similar loss mechanisms. Since the ?ber grating sensors for 
remote placement are constructed of optical ?bers having 
about the diameter of a human hair, they can be embedded 
in composite structures or attached to the surface of metal 
and other types of structures without noticeable intrusion, 
reduction in strength or increase in weight and volume. 
A normal ?ber grating is sensitive to both temperature and 

strain. In an environment where both the temperature and the 
strain is changing, some means need to be employed to 
separate the effect of temperature from the effect strain. 
Usually it is possible to isolate strain in a separate sensor. 
Therefore, the separate sensor can determine temperature 
variations, which can then be mathematically eliminated 
from the output of the strain and temperature sensitive 
sensor. However, it is possible to provide a modi?ed ?ber 
grating sensor where two gratings are superimposed in the 
same length of ?ber. This “double” grating is then exposed 
to light at different frequencies and the resultant two outputs 
used to determine strain and temperature variations. This 
“double” grating method has the advantage that the same 
temperature and strain always exists on both superimposed 
gratings, whereas there is always a chance that in the two 
grating method, the gratings are at different temperatures or 
are being subjected to slightly different strain, even though 
they are very close to each other. 

Therefore, it is an object of the present invention to 
provide sensor systems for smart structures using optical 
?ber gratings as the sensor elements. 

Another object is to provide optical ?ber grating sensors 
that can be distributed through a structure, to provide phase, 
amplitude and position data of environmental effects in that 
structure. 

Another object is to provide either an open loop or closed 
loop sensor system that uses one or more optical ?ber 
gratings as the sensing elements. 
Another object is to provide a sensor system for environ 

mental effects, which can operate over a temperature range 
of more than 700° C. in extremely harsh environments. 

Another object is to provide an optical sensor system with 
a large dynamic range. 

Another object is to provide a ?ber sensor that can 
separate the e?°ects of strain and temperature. 
Another object is to provide a ?ber with multiple gratings 

in the same location there along. 
These and other objects and advantages of the present 

invention will become apparent to those skilled in the art 
after considering the following detailed speci?cation and the 
accompanying sheets of drawing wherein: 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of an apparatus to determine 
the characteristic transmission of an optical ?ber grating; 

FIG. 2 is a graph of a typical output of the apparatus of 
FIG. 1; 

FIG. 3 is a circuit diagram of another apparatus for 
determining the spectral envelope characteristics of a optical 
?ber grating; 

FIG. 4 is a graph of a typical re?ection spectral envelope 
as served by the apparatus of FIG. 3; 

FIG. 5 is an optical circuit diagram of a sensor system 
constructed according to the present invention showing 
re?ection-transmission and re?ection -re?ection embodi 
ment; 

FIG. 6A is a graph of the spectral envelopes of the optical 
?ber gratings of the re?ection-transmission portion of FIG. 

FIG. 6B is a graph of the spectral envelopes of the optical 
?ber gratings of the re?ection-re?ection portion of FIG. 5; 

FIG. 7 is an optical circuit diagram of a modi?ed optical 
?ber grating sensor system similar to the re?ection 
re?ection portion of FIG. 5 utilizing two local gratings for 
increased dynamic range and to eliminate ambiguities; 

FIG. 8A is a graph of the spectral envelopes of the 
gratings of FIG. 7; 

FIG. 8B is a graph if the spectral envelopes that the sensor 
of FIG. 7 would produce if it was con?gured as a re?ection 
transmission device with less frequency sensitive gratings; 

FIG. 9 is a diagrammatic perspective view of a ?ber 
grating modulator; 

FIG. 10 is an optical circuit diagram for a modi?ed 
re?ection-re?ection sensor system utilizing the optical ?ber 
grating modulator of FIG. 9; 

FIG. 11 is a graph of the spectral envelopes of the two 
?ber gratings of FIG. 10 showing the movement thereof; 

FIG. 12 is a graph of the spectral envelopes of the gratings 
of FIG. 10 when they are in one-to-one correspondence; 

FIG. 13 is an optical circuit diagram of a re?ection 
transmission sensor system similar utilizing the optical ?ber 
grating modulator of FIG. 9 and employing feedback to its 
light source; 

FIG. 14 is an optical circuit diagram of a modi?ed sensor 
system employing feedback to the local ?ber grating modu 
lation modulator thereof; 

FIG. 15 is an optical circuit diagram of a re?ection 
re?ection sensor system having multiple remote optical ?ber 
gratings which respond at different light frequencies in their 
quiescent condition; 

FIG. 16 is an optical circuit diagram of a closed loop 
multiple remote sensor system employing ?ber grating 
modulators in both their re?ective and band pass modes; 

FIG. 17 is a diagrammatic view of a multiple sensor 
system employing a switch to change between multiple 
strings of optical ?ber sensors; 

FIG. 18 is a idealized cross-sectional view of a ?ber 
grating modulator constructed to have a wide dynamic 
range; 

FIGS. 19A and 19B are graphs of intensity versus wave 
length for optical ?ber gratings having diliering bandwidths; 

FIGS. 20A and 20B are greatly enlarged side views of an 
optical ?ber during the formation of a double grating; 

FIG. 21 is an optical circuit diagram of a closed loop 
remote sensor system employing double ?ber gratings to 
simultaneously sense strain and temperature; 
















